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Introduction
The calcium transport enzyme o f the sarco plasm ic reticulum like m any other energy tran s ducing enzymes passes through a n u m b e r o f co n form ational states during its reaction cycle leading to calcium translocation and ATP hydrolysis [1 -4 ] . In quantitative term s, how ever, these changes in the enzyme's structure accom panying its interactio n w ith m agnesium , calcium and A TP are poorly understood. In recent studies conducted w ith various enzymes, it has been shown th at the activation volum e can be considered to be a q u an tita tiv e param eter for the description o f structural changes occurring during enzym atic activity [5 -7 ] , The activation volum e is derived from the transitio n state theory w hich describes the effect o f pressure on the reaction rate by the relation [8 ] :
-P A V kp = k0 -e RT where kp is the reaction rate at a gauge pressure P, k 0 is the reaction rate at one atm osphere, A V is the activation volum e and R the gas constant. H ence, -PAV K p = K 0 -e~^w here for exam ple A V is th e volum e difference between reactant A and p ro d u ct B o f the reaction A -^B w ith the eq u ilib riu m constants £ 0 = B/A at a pressure o f one atm o sp h ere and K p at pres sure P. As to the physiochem ical m eaning o f the pressure induced volum e changes o f enzym es or proteins in general, they are essentially assigned to two m echanisms: 1. The h y d ratio n density o f the protein is changed due to th e exposure o f protein residues to water. These residues m ight eith er be located on the surface or in the in terio r o f the protein molecule. 2. The volum e occupied by the protein itself m ight be changed. This change has been designated as structural volum e change [5] ,
The effect o f pressure on the A TPase activity o f the sarcoplasm ic reticulum m em branes has p re viously been studied by H erem ans et al. [9] . T he authors related the observed pressure effects to changes in the physical state o f the m em b ran e lipids which were assumed to trigger changes in the co n form ation of the protein. Yet, in these studies no distincton was m ade betw een the p re p a ra tio n 's total splitting of ATP and its hydrolysis by th e calcium dependent transport enzyme. T he studies d escribed in the present paper therefore focus on the pressure dependence of the activity o f the calcium tran sp o rt enzyme proper. In order to o b tain the activity o f the calcium transport enzyme, the calcium in d e p en d e n t activity must be m easured too and su b tracted from the total activity [10] . F u rth erm o re, one has to con sider that the calcium dep en d en t hydrolysis by the vesicular shaped m em brane fragm ents o f the sarco plasmic reticulum is strongly in h ib ited by the calcium concentrated inside the vesicles in the course of the experim ent [11] . This effect has to be prevented by making the vesicles p erm e ab le for calcium ions with an ionophore [1 2 ].
The calcium transport enzym e's n atu ra l energ\ yielding substrate, ATP, is difficult to use in these experiments. The m aintenance o f a d efined su b strate concentration and the registration o f the reaction process require the use o f A T P reg e n er ating and indicating enzym e system s w hich are themselves pressure sensitive. W e therefo re p e r formed the experim ents w ith the su bstrate analog /w ra-nitrophenyl phosphate w hich allow s to m o n ito r the enzymatic activity in a large concentration range by optically m easuring the form ation o f para-nitrophenol. Furtherm ore, />tfra-nitrophenyl p h o sp h a te is not only hydrolytically split by the enzym e b u t is used as an energy yielding substrate for calcium translocation.
In order to evaluate the volum e change occurring in a specified reaction step, we have analyzed the enzyme's activity at different degrees o f sa tu ra tio n with respect to each reactant, calcium , m agnesium and /rara-nitrophenyl phosphate. T he m in im u m scheme, necessary to describe the d ep endence o f the enzyme's activity on th e concentration o f one o f the reactants, requires, according to M ichaelis and Menten, fast and reversal enzym e su bstrate com plex form ation on the one h and and its sp o ntaneous slow and irreversable decay on the other hand. It is the decay o f the enzyme substrate com plex w hich lim its the rate of the reaction. T he transition state theory assignes the rate lim iting step to a slow tran sitio n from the initially form ed enzym e substrate com plex (ES) to an hypothetically activated com plex ES* as indicated by the following scheme: E + S^-E S^ E S *^ E + P k 2 and k -X !> fc, .
F or the fully saturated enzyme, this reactio n sequence yields the following rate expression:
w hich allows to determ ine the activation volum e for the transition from the nonactivated to th e activated complex. On the oth er hand, the volum e change which accom panies the form ation o f the enzym e substrate com plex can be com puted from the effect of the pressure on the activity o f the u n satu rated enzyme. U nder these conditions the follow ing rela tion holds:
The volume change is com posed o f the volum e change (A V2) -the activation volum e -and the volum e change w hich occurs w hen the enzym e com bines with one o f its reactants (A F,). H ence, th e latter can be obtained by substracting the activ atio n volum e (A V2) from the observed volum e change (A V2 + A V\).
For selecting the ap p ro p riate con cen tratio n o f /?ara-nitrophenyl phosphate as well as o f the activating ions, calcium and m agnesium , th e a p p a r ent dissociation constant previously rep o rted w ere used [14, 15] . To discrim inate betw een volum e changes arising from changes in the h y d ratio n density o f the protein and changes in the volum e occupied by the protein itself, we fu rth e r stu d ied the influence o f high salt concentration and o f ethylene glycol on the activation volum e as it has been proposed by Low and Som ero [5, 6 ],
Materials and Methods
The sarcoplasm ic reticulum vesicles w ere p re pared from rabbit skeletal m uscle as described by de Meis and H asselbach [16] . T he pro tein content o f the vesicular suspension were d eterm in ed by th e Biuret procedure calibrated by K jeldahl n itrogen determ inations. T he /?ara-nitrophenyl p h o sp h atase activity was m easured in m edia containing 6 mM histidine, i4m M sodium glycerophosphate pH 7.0, 20 |iM of the calcium ionophore L asolocid and 0.2 mM dithioerythritol. The tem p eratu re and the concentration o f the reactants, /w ra-nitrophen y l phosphate, m agnesium calcium and o f m odifying agents, N aCl and ethylene glycol are specified in the legends o f figures and tables. T he concentration o f the vesicles in the assay m edia w ere chosen betw een 0.05 m g/m l and 0.25 gm /m l depending on the enzym atic activity under the experim ental co n d i tions. The assay m edia were brought to the respec tive tem peratures prior to the ad d itio n o f the enzyme. The suspension was subsequently filled into the pressure cell equipped w ith sapphire w indow s, Nova Swiss Switzerland, Effretikon. Pressure was generated by a sim ple hand-driven pum p. The pressure was transm itted by silicon oil w hich was separated from the cell by a tw o-parted piston sealed with a silicon paste plug in the m iddle. T he pressure was m onitored m echanically or elec tronically. The pressure cell was surrounded by a thermostatically controlled water jacket and installed in a Philips double beam photospectrom eter. The reaction was followed by m onitoring the ap p earan ce o f /w ra-nitrophenol at 420 nm using 8000 for its m olar absorbance at pH 7.0.
In the histidine -glycerophosphate buffered assay m edia -the absorbance o f p ara -n itro p h e n o l proved to be pressure independent. A ctivity m e a surem ents at pH 6.5, 7.0, 7.5 revealed th at in this pH range the enzym e's /rara-nitrophenyl ph o s phatase activity is nearly constant. T hus, pressure induced pH changes as they can occur in the b u ffer system [17] do not affect substrate hydrolysis.
Results and D iscussions
The results depicted in Fig. 1 d em onstrate th a t the hydrolysis o f pm z-nitrophenyl p h o sp h ate p ro ceeds linearly w ith tim e for approxim ately h a lf an hour when the hydrostatic pressure on the reaction m edium is stepwise increased. It fu rth erm o re shows that rising pressure progressively inhibits enzym e activity and that activity com pletely recovers w hen the pressure is released. These experim ents were perform ed in the pressure o f calcium -0.2 m M in the m edium to determ ine the total splitting and in m edia containing 2 mM EG TA to determ in e basic splitting. The activity pressure relationship for the calcium dependent activity was o btained by substracting for every pressure the m easured calcium independent activity from the total activity (Fig. 2) . The activation volum e was com puted from the slope o f the line resulting from plots o f th e logarithm o f the respective splitting rate as function o f the pressure (Fig. 3 a, b) . U nder all conditions ap p lied in this study, the logarithm activity pressure relation proved to be linear. Hence, the activation volum e could be calculated by an exponential curve fitting p ro ce dure.
The calcium independent para-nitrophenyl phosphate hydrolysis
The activation volum e o f the calcium in d e p en dent para-nitrophenyl ph o sp h ate hydrolysis is significantly larger at low than at high concen tratio n o f the substrate 30 m l/m o l versus 20 m l/m o l. Be tween 20 °C and 40 °C the activation volum e does not significantly depend on the tem perature (Fig. 4) . In this tem perature interval the rate o f para-n itro phenyl phosphate hydrolysis increases sixfold co r responding to an activation energy o f 18 0 0 0 cal/m ol.
The calcium dependent para-nitrophenyl phosphate hydrolysis
Like the two experim entally determ in ed activities the total and the calcium independent hydrolysis, their difference, the calcium d ep en d en t p a ra -n itro phenyl phosphate splitting, does not ex h ib it any break in the logarithm -activity pressure relatio n , i.e. the activation volum e does not d epend on pressure. The activation volum e o f the enzym e fully saturated with para-nitrophenyl phosphate, calcium and m agnesium declines from 62 to 32 m l/m o l w hen the tem perature is raised from 20 °C to 40 °C (Fig. 4) . Thus, the volum e change connected w ith the activation o f the enzyme substrate com plex has a large negative tem perature coefficient. In th e sam e tem perature interval the activation energy o f 
Conditions
Volume ------------------------------------------------- Enzme activation as it can be prod u ced by ethylene glycol likewise doe not affect the activation volum e (Fig. 5 and Table) . As it has been discussed by Low and Somero [5, 6 ], the absence o f salt or solvent effects on the activation volum e indicates th at hydration or d eh y d ratio n o f am in o acid side-chains an d /o r peptide linkages do not co n trib u te to the observed activation volum e. Hence, the observed activation volum e m ost likely arises from a struc tural volum e change. The pressure invariance o f th e activation volum e is in contrast to the result o f H erem ans et al. [9] [18] attrib u ted this splitting m ode o f para-nitrophenyl phosphate to its splitting by only the term inal potassium dependent segm ent o f the reaction cycle o f the (N a,K )-A T Pase. T his ex p lan atio n fails in the case o f the calcium transport enzym e because the /w ra-nitrophenyl pho sp h ate is a com plete substrate analog able to drive calcium tran sp o rt effectively.
The volum e expansion d educed for the tran sitio n o f the initial enzym e substrate com plex to the activated com plex m ust be reversed in the reaction sequence leading from p ES* E + S^E S .
The volume changes in this sequence connected w ith binding o f the three ligands can be obtain ed from the volum e change exhibited by the calcium transport enzym e partially satu rated w ith the respec tive ligands. U nder the presum ption th a t the volum e change o f the subsaturated enzym e co m prises in add itio n to the volum e change o f the activating step -activation volum e -the volum e change resulting from the binding o f the respective reactant w ith the enzyme, the activation volum e for the form ation o f the initial enzym e substrate com plex is sim ply obtained by substraction o f the respective num bers given in the Table. Yet, the volum e change com puted for a given set o f reactant concentrations cannot unam biguously be related to the binding o f a distinct reactant. Such an assign m ent requires know ledge concerning the o rd er in w hich the reactants are bound: S equential binding m odes or random binding w ith independent or dependent binding steps. Yet, these com plications can largely be ignored due to the fact th a t the com puted volum e changes are q uite sm all, being positive w hen the concentrations o f m agnesium or /?ara-nitrophenyl phosphate are suboptim al or slightly negative for the enzym e subsatu rated w ith calcium. Thus, the volum e changes com puted for the com pletion o f the reactant cycle are sm aller th an the expected change o f 44 m l/m ol. T his ap p a ren t d e v ia tion can tentatively be explained if we consider th a t m agnesium and calcium ions loose at least p art o f th eir hydration shell w hen the initial enzym e su b strate com plex is form ed. In the h ydration shell o f both ions the density o f w ater is m uch h igher than in the surrounding m edium as deduced from the fact that calcium and m agnesium have negative partial m olar volum es o f 2 0 -3 0 ml, respectively [19] . W hen the ions are bound by the protein, the ions' hydration shells becom e sm aller or are lost (c.f [20] ). The release o f bound w ater should result in a volum e increase. Since no change or only a small volum e decrease has been observed in our experim ent, the predicted volum e increase, d ue to the release o f w ater from the ions, has evidently com pensated for the volum e decrease o f the protein.
The large w ater m ovem ent o f 18 m ol per reactio n cycle proposed by D u p o n t [4, 21] as being an essential feature o f calcium tran sp o rt m echanism is not detectable as a pressure sensitive volum e change. The transfer for these q u an titie s o f solva tion w ater can occur volum e n eu tral only eith er if the volume change connected w ith the p rim ary hydration is com pensated by secondary volum e changes or if it takes place in a reactio n step w hich is neither pressure sensitive nor rate lim iting.
Conclusions
The calcium tran sp o rt enzym e ex h ib its a q u ite large positive activation volum e for the hydrolysis o f the calcium transport su p p o rtin g pseudo-substrate /?ara-nitrophenyl p h o sp h ate. As in th e case o f ATP hydrolysis by the (N a,K )-A T P ase, stru ctu ral changes in the enzym e su b strate com plex occurring during calcium d ep en d en t hydrolysis, evidently, com pensate the negative volum e changes as they are characteristic for th e hydrolytic d eco m p o sitio n o f "energy rich" p h o sp h ate co m p o u n d s (c.f. [18] ). Since pressure like tem p eratu re is know n to affect the physical state o f the m em b ran e lipids, the observed pressure independence o f the activ atio n volum e indicates th at pressure in d u ced changes do not discem ably affect the enzym e's activity. A m ost rem arkable property o f the activ atio n volum e is its pronounced tem p eratu re coefficient. A sim ilar negative correlation betw een activ atio n volum e and tem perature has previously been rep o rted for the oligom eric enzym e g lu tam ate d eh y d ro g en ase and explained by the assum ption th a t th e increase o f the interm olecular free volum e p ro d u ced by rising tem perature, is accom panied by solvent b in d in g to the newly exposed pro tein residues resulting in a decrease of the volum e change [7] , T his ex p lan atio n illustrates the difficulties to assign stru ctu ral changes o f the m olecule to observed volum e change. The fact that activation volum e is n eith er affected by high salt concentrations nor by change in the nonionic solute, ethylene glycol in d icates th a t sol vent changes do not essentially co n trib u te to the observed activation volum e. F o r v ario u s enzym es Low and Som ero [5, 6 ] et al. have show n th a t the activation volum e is strongly affected by salts and they suggested th at w ater density m od ify in g groups on the protein surface were changing the exposure to water during catalysis. T he salt insensitive activation volum e o f the calcium tran sp o rt enzym e thus argues for the prep o n d eran ce o f the structural contributions arising from changes in the volum e o f the protein itself.
According to the b ip a rtitio n o f the reaction chain, substrate binding and activation o f the enzym e su b strate complex, the reaction step connected w ith this structural change m ust be assigned to the activ atio n o f the enzyme substrate com plex. In the m ulti-step reaction cycle, proposed for the calcium enzym e (.c .f [1 -4 ] ), the activation step m ight co rrespond to one or m ore reaction steps w hich lim it the reactio n rate and which are m ost pressure sensitive. O n the other hand, the form ation o f the enzym e ion su b strate complex can be assigned m ore precisely to the reaction sequence follow ing the release o f inorgan ic phosphate and the entrance o f the reactants in to the reaction chain. The small volum e change fo u n d for this reaction points to the com pensating effect o f a num ber o f volume changes. T he chelation o f m ag nesium and calcium ions by the enzym e should result in a volum e increase d ue to the release o f water from their hydration shell, w hile, on th e o th e r hand, the return of the activated enzym e in its ground state should cause a volum e decrease. Evidently, these opposing effects largely cancel each other.
